Introduction
evaluating screw loosening risk [32] . Additionally, geometrical nonlinearity has been 101 previously shown to be important for prediction of IFM in organ-scale models [31, 32] .
102
The aim of this study was to examine the effect of screw configuration on variables 103 associated with screw loosening and interfragmentary motion (IFM) using finite element 104 models that incorporate cortical bone heterogeneity, orthotropy, contact mechanics and 105 geometrical nonlinearity.
107

Methods
108
A Stryker AxSOS 5.0 mm narrow locking plate implant used was scanned using a 3D 109 laser scanner (NextEngine, Inc., Santa Monica, CA, USA). An idealised geometry of the 110 tibial diaphysis was created using an extruded cross-section (dimensions and material 111 properties described later). These geometries were used to create three-dimensional finite 112 element models in ABAQUS (6.10/CAE, Simulia, Providence, RI, USA). Symmetry was 113 assumed at the centre of the plate; other than this no restraint was applied to the model 114 ( Figure 1 ). The total effective length of bone-plate construct was 445 mm (including 115 symmetry). A bone-plate off-set of 2 mm was used. Locking screws were modelled with an 116 outer diameter of 4.5 mm and a thread depth of 0.5 mm. The screw threads were explicitly 117 modelled with a triangular profile in idealised rings. The plate and screws were considered to 118 be stainless steel and were modelled as a homogeneous isotropic material with a Young's 119 modulus and Poisson's ratio equal to 205GPa and 0.3 respectively. The influence of different 120 plate material properties was considered and is described later.
121
The material and geometric characteristics for the bone were varied to represent 122 healthy and osteoporotic bone qualities. The properties included: material orientations for 123 orthotropy; heterogeneous variation in the radial direction; and geometrical changes 124 associated with osteoporosis (cortical thinning and periosteal apposition; [25, 33] ) (Figure 2 ). interactions using Coulomb friction coefficient of 0.3 [31, 44] . Similar to previous studies, the 140 peak strains were located at the near cortex [31, 40] ; therefore, to simplify the analysis,
141
interactions at the far cortex were modelled as tie constraints. Recent studies [45, 46] (implicit) analyses were conducted using geometric nonlinearity (ABAQUS/Standard).
161
The influence of the following screw positioning variables was investigated ( Figure   162 3):
163
•
The total number of screws used (on one side of the fracture);
164
• The working length -the distance between the screws closest to the 165 fracture on either side of the fracture (i.e. bridging length);
166
• Screw spacing -the proximity of the first and second screws closest 167 to the fracture site on the same side of the fracture.
168
In each case the influence of bone quality and plate rigidity were examined. The analysis.
Results
198
The maximum interfragmentary movement (IFM) was found to occur at the cortex configurations on EqEV levels under torsion is presented in Figure 10 .
210
Overall, the two most influential variables influencing EqEV were found to be the number of screws used did not benefit osteoporotic bone any more than healthy bone (the 226 percentage reduction in EqEV was similar), however, the influence of screw spacing was 227 substantial (Figure 8 ). EqEV levels in osteoporotic bone were found to be lowest when using 228 a two-hole spacing between screws on either side of the fracture (Figure 8 ). In this case,
229
EqEV at the first screw was reduced by 49% compared to a configuration with no spacing. In 230 healthy bone, the influence was much smaller, reducing the EqEV levels by 2.6% and 3.4% bone, the EqEV at the near cortex was, on average, 53% of the total compared to around 77% 234 in healthy bone (Table 2) .
235
Under torsion, the total number of screws and the proximity of the screws to the 236 fracture were found to be the most influential variables (Figure 10 ). Increasing the number of 237 screws from two to three reduced the EqEV at the first screw by 59% and 52% in healthy and 238 osteoporotic bone respectively. Under axial loading, the reduction was 25% and 26%
239
respectively. Under torsional loading, however, both bone qualities produced relatively 240 similar levels of EqEV compared to axial loading.
241
Discussion
242
The study found that screw configuration and plate properties substantially affect to the fracture). We also found that, regardless of bone quality, the use of more than 3 screws 317 was only beneficial under torsional loading. Additionally, in osteoporotic bone, the far cortex 318 plays a significant role in load sharing and thus bi-cortical screws should be used.
319
The majority of previous studies evaluating the mechanical behaviour of locking 320 plates have used specimens with cylindrical cross-sections to simulate long bone fractures [2, 4, 11, 28, 38] . Unlike these previous studies, the current study predicted strain levels within 322 the bone requiring more complex material and geometrical properties. We used a 323 standardised tibial cross-section which was then modified to match previously reported age-324 dependent geometric characteristics [25] . The specimen length was selected by taking the 325 approximate length of a human tibia (405 mm) plus 20 mm at either end to approximate the 326 distance to the centres of rotation at the knee and ankle joints [56] .
327
One of the benefits of locked plating is the ability to off-set the plate from the bone, 328 however, off-sets larger than 2 mm have been shown to compromise construct strength and 329 stiffness [57] . If an off-set is not used, then the spacing of the screws becomes less important;
330
for example, a previous study found that working length had no effect on axial stiffness when 331 the plate was in contact with the bone [6] . An off-set of 2 mm was used in the current study,
332
consistent with some previous studies [2, 4, 28] .
333
If a fracture union is not achieved, the implant-bone construct will eventually consider. Previous studies using nonlinear contacts have found that the strains at the near 342 cortex are much larger than those at the far cortex [31, 40] . Tie constraints were used at the far 343 cortex in the present study order to simplify the analysis. It is possible that even larger 344 differences between the two bone qualities could be seen had nonlinear contacts also been 345 used at the far cortex. EqEV values at different screw locations for (b) healthy bone and (c) osteoporotic bone.
658
Torque of 2Nm is applied from above and the fracture is located below.
